Ceramic and polymer composite biomaterials releasing silicate and calcium ions were developed for the use in bone regeneration. Silicate and calcium ions stimulatory enhance osteogenic cell functions, such as proliferation, differentiation and mineralization. Siloxane-doped vaterite (SiV) particles were prepared using aminopropyltriethoxysilane (APTES) as a siloxane source to achieve an effective release of silicate and calcium ions in a physiological condition. Composite materials consisting of SiV and poly(lactic acid) (PLLA), which is one of the biodegradable polymers, were prepared. In this system, the amino groups and calcium ions on the SiV surface had chemical reactions with the carboxy groups in the PLLA. The composite materials showed a chronic release of trace amounts of silicate and calcium ions in a cell culture medium. Proliferation and differentiation of mouse osteoblast-like cells (MC3T3-E1 cells) were enhanced on the composite material in comparison with the material releasing no silicate ions. The composite fibremats were also developed by an electrospinning method. The fibremats had about 10¯m in fibre-diameter and showed good flexibility. The fibre surfaces were able to be coated with hydroxyapatite by soaking in a simulated body fluid (1.5SBF) for 1 day. The fibremats showed excellent cell and tissue compatibilities in the results of in vitro and vivo tests. Thus, the inorganic ions released from bioceramics should be one of the important factors for achieving high-performance biomaterials for bone regeneration.
Introduction
Recently, ionic dissolution products from bioceramics, such as silicon, calcium, phosphorous, magnesium, strontium, boron, vanadium and cobalt, have been reported to stimulate osteogenic cell functions. 1) Particularly, the stimulatory effects of silicate ions on osteogenic cells have been reported by many researchers; the ions enhance cellular activities, such as the proliferation and the differentiation of murine osteoblast-like cells, the mineralization of human osteoblasts and the osteogenic differentiation of mesenchymal stem cells. 2)9) Excellent bone bonding ability of Bioglass μ has been regarded to be due to its silicate ion releasability and ability of hydroxycarbonate apatite formation in living body. The proliferation of human osteoblasts was enhanced in a culture medium containing the extract from Bioglass μ . 2) Some reports showed that various types of silicate ions included in a culture medium were also efficient for the aforementioned cellular activities. 5 
)7)
Calcium carbonate is well-known as a bioresorbable material, shows excellent bone-forming ability, and has been used clinically as bone filler. 10),11) Calcium carbonate (vaterite) and poly(L-lactic acid) (PLLA) composites have been reported to show excellent hydroxyapatite (HA)-forming ability, cellular compatibility, and biocompatibility by in vitro and vivo tests. 12), 13) Vaterite is one of the polymorphs of calcium carbonates and shows higher solubility in aqueous solution than the other polymorphs, calcite and aragonite. Vaterite particles with sphere shape in size of around 500 nm are synthesized with a carbonation process with methanol. The particles are aggregates consisting of several primary particles with the size of several hundreds nm. Therefore the particles provide calcium ions effectively in physiological condition due to their high solubility. PLLA is one of the biodegradable polymers and has been applied clinically. 14),15) Composites consisting of PLLA and calcium phosphate ceramics have been developed to be applied to the scaffold materials. 16) In case of the composites, PLLA improves the mechanical properties, such as flexibility, of the ceramics and the ceramics play an important role in the enhancement of their osteoconductivity. Since calcium and phosphorus are the main components of biological apatite, they obviously play an essential role in bone formation and resorption. In addition, calcium is known to affect osteoblastic cells; it increased the expression of Insulin like growth factors IGF-I or IGF-II, which regulate human osteoblast proliferation. 1) The vaterite and PLLA composite materials showed the enhanced proliferation of osteoblast-like cells in comparison with pure PLLA material in our previous study.
In the present study, vaterite particles containing a trace amount of siloxane and their composite materials with PLLA were developed. Aminopropyltriethoxysilane (APTES) was used as the siloxane source to achieve a chronic release of silicate ions in physiological condition. The effects of the extract from the composite materials on osteogenic cell functions were evaluated by cell culture tests using osteoblast-like cells, aiming to establish whether the effects were available for enhancing and inducing the proliferation and differentiation, respectively. In addition, fibremats consisting of the resulting composites were developed using an electrospinning method. The electrospun fibremats were expected to be useful as tissue engineering scaffold, bone filler, guided bone regeneration film etc., because they have a higher porosity, an open interconnected porous network, and flexibility. 17)21)
Siloxane-doped vaterite particle
Siloxane-doped vaterite (SiV) particles were prepared by a carbonation process with methanol. 22) A 150 g of Ca(OH) 2 , 30 mL or 60 mL of APTES and 2000 mL of methanol were mixed with blowing CO 2 gas for 75 min at a rate of 2000 mL/min. The resulting slurry was dried at 110°C, resulting in the as prepared SiV particles. SiV particles were characterized by X-ray diffractometry (XRD) and found to contain only vaterite crystalline phase. The specific surface area of SiV was estimated to be 67.2 m 2 /g from the results of a BET theory using nitrogen gas adsorption. From the observation by field emission scanning electron microscopy (SEM), SiV particles were aggregates consisting of several primary particles and had an average particle size of about 1¯m (Fig. 1) . The results of 29 Si magic angle spinning nuclear magnetic resonance ( 29 Si MAS-NMR) analysis demonstrated that T 2 [NH 2 (CH 2 ) 3 Si(OSi) 2 (OH, OC 2 H 5 )] and T 3 [NH 2 (CH 2 ) 3 Si(OSi) 3 ] groups were contained in SiV. 23) This indicates that siloxane was formed by the condensation of APTES through the preparation of SiV. The amount of silicon in SiV was controllable by changing the used APTES amount; the silicon amount of SiV prepared using 30 and 60 mL of APTES was estimated to be approximately 1 and 3 wt % by X-ray fluorescence analysis. SiV containing 1 and 3 wt % of silicon were hereafter denoted by SiV1 and SiV3, respectively. All silicate ions contained in the SiV particles were released from them in one day after soaking in Tris buffer solution (pH = 7.4). Thus, to mix the particles with biodegradable polymers was regarded to be one of the useful methods to get biomaterials gradually releasing silicate and calcium ions.
SiV and PLLA composite film
A solution of PLLA (molecular weights, M w ; = 160 « 20 kDa), prepared by dissolving 1.5 g of PLLA in 20 mL of methylene chloride, was used to disperse portions of 0.75 g of SiV particles under stirring for 30 min, resulting in the as prepared composite slurries. The slurry was dip coated on a cover glass and dried at room temperature. The cover glass was stripped from the sample, resulting to the formation of a film of the composites with the size of approximately 70¯m in thickness. The resulting films prepared using vaterite, SiV1 and SiV3 were denoted by V-PLLA, SiV1-PLLA and SiV3-PLLA, respectively. The surface observation of the film by SEM revealed that the SiV particles dispersedly existed in PLLA. The SiV1-and SiV3-PLLA showed silicate ion releasability for 7 days of soaking in the culture medium. The average value of the ions released from SiV1-PLLA for 27 days of the incubation was estimated to be 0.21 mg/L/day, while that of SiV3-PLLA was 0.51 mg/L/day. 22) This indicates that the amount of silicate ions released from SiV-PLLA is controllable by changing the amount of APTES in SiV. The amount of the silicate ions released from SiV3-PLLA per day was approximately 2.4 times as large as that released from SiV1-PLLA during day 27 of incubation. The value is evidently related to the difference in the amount of silicon in between SiV1 and SiV3. Figure 2 shows the numbers of mouse osteoblast-like cells (MC3T3-E1 cells) and alkaline phosphatase (ALP) activity in the cells cultured on various film samples. The number of the cells cultured on SiV1-PLLA was significantly higher in comparison with that on V-PLLA at day 7. In addition, the numbers of the cells cultured on SiV3-PLLA were significantly higher than that on SiV1-PLLA at days 3, 5 and 7. These results indicate that the proliferation of the cells cultured on SiV3-PLLA was better than those on V-PLLA and SiV1-PLLA. In the case of V-PLLA and Thermanox μ , the levels of the ALP activities are approximately 0.10.6 at all time points. On the other hand, the levels of SiV3-PLLA are approximately 1.2 at day 14 and approximately 5.3 at day 21. These values of SiV3-PLLA are significantly higher than those of V-PLLA at days 14 and 21. This indicates that the differentiation of MC3T3-E1 cells was effectively induced on SiV3-PLLA. The culture medium used in this study contained no differentiation agent, such as ascorbic acid (As), dexamethasone (Dex) and ¢-glycerophosphate (¢-GP). 22) The results of the culture tests revealed that the silicate ions released from SiV enhance the proliferation and also induce the differentiation of MC3T3-E1 cells. The extracts from the bioactive silicate glasses have been reported to induce the differentiation and mineralization of human osteoblasts. 6),7)
Electrospun SiV-PLLA composite fibremat
Biomaterials are required to have porosity in order to induce adhesion and proliferation of cells and to provide nutrition to the cells. We developed the fibremats of SiV-PLLA by an electrospinning method. The electrospinning is a process that can generate polymer fibremats with high porosity and flexibility, both essential components of tissue engineering. In general, the process of electrospinning is mainly affected by both system parameters as well as process parameters. System parameters include polymer molecular weight (Mw) and polymer solution properties such as viscosity and conductivity. Process parameters, on the other hand, involve flow rate of the polymer solution, electric potential, and the distance between capillary and collector, among others. 17) It is possible to control the fibre diameter and the thickness of the fibremats by optimizing these parameters. Particularly, the fibre diameter is one of the important factors affecting cell functions, such as adhesion, proliferation etc. The optimal fibre diameter for inducing cells to migrate inside the fibremat has been found to be more than 10¯m by our study. 24) To prepare the SiV-PLLA fibremats, SiV powders (Si; 2 wt %) were mixed with PLLA (PURASORB μ ; Mw; 260 kDa, PURAC, the Netherland) under 200°C for 10 min with a kneader, resulting in the formation of the PLLA composites containing 60 wt % of the powders. The composites dissolved in chloroform at 10 wt % (PLLA) were used for electrospinning. 25) 27) The results of 13 C cross polarization magic angle spinning nuclear magnetic resonance ( 13 C CP/MAS-NMR) for the prepared composites showed that the band of the carboxy peak shifted slightly and a new peak appeared at the low magnetic field area of the band after mixing SiV, where carboxy groups form coordinate bonds with bivalent ions. 28) It was found that more carboxy groups formed coordinate bonds with calcium ions in V-PLLA than SiV-PLLA. In the Fourier transform infrared reflection (FT-IR) spectrum of SiV-PLLA, a new weak peak appears at around 1650 cm ¹1 except for peaks corresponding to PLLA and CO 3
2¹
. This peak appears to originate from the amide bond which indicates that carboxy groups in PLLA structure form chemical bonds with amino groups in APTES structure. The molecular weights of PLLA matrix in the prepared composites were measured by gel permeation chromatography (GPC). Although the molecular weight of 
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PLLA slightly decreased after kneading with SiV, it significantly decreased after kneading with vaterite. The scission of the PLLA chain was induced by a shear stress generated during the meltblending process, which leads the formation of coordinate bond between calcium ions on the SiV or vaterite surface and carboxyl groups in PLLA. 25),27) The shear stress must increase with the increase in the content of the mixed SiV or vaterite. In fact, the molecular weights decreased with the increase of the SiV or vaterite content. In addition, the alkali surface of the particles and the water adsorbed on their surfaces may also attribute to the molecular weights decrease. The SiV particles were partially coated with siloxane derived from APTES; the amount of calcium ions explored to PLLA matrix was smaller comparing to that of vaterite. The schematic image of the SiV-PLLA composite structure is shown in Fig. 3 .
The SEM images demonstrated that the SiV particles at the microfiber surface were coated with a thin film of the PLLA matrix and the particles were packed closely in the microfiber. The surfaces of the microfibers were coated with leaf-shaped deposits after the immersion in simulated body fluid (1.5SBF) for 1 day. The deposits were confirmed by XRD to be hydroxyapatite (HA) of approximately 1¯m in thickness. The HA coating is expected to enhance the cell compatibility of the composite fibres. The SiV-PLLA fibremats released trace amounts of silicate ions in a culture medium; 8.2, 1.2 and 0.59 mg/L after 1, 3 and 5 days, respectively. 27) They also continued to release ³20 mg/L/day of calcium ions. 25) ,26) Figure 4 shows the numbers of MC3T3-E1 cells cultured on SiV-PLLA/HA fibremats, PLLA fibremats, and Thermanox μ for 2 weeks. The numbers of the cells cultured on the SiV-PLLA/ HA fibremats were higher than that on the PLLA fibremats. Figure 5 shows the SEM photograph of the cells cultured on SiV-PLLA/HA-fibremat for 1 day and the histology of in vivo response to the fibremat (Villanueva-Goldner stain) after implantation for 12 weeks in a rabbit calvarium. The cells elongated on the fiber surfaces and extended over several fibers. Some of them entered the fibremat and extended within it. Mineralized tissues were newly formed inside of the fibremat at not only the edge position of the bone defect but also the center one. There was no tissue inflammation observed by histology. The fibrous structure consisting of the fibres with about 10¯m in diameter should play an important role in the cell migration into and the mineralized tissue formation inside the fibremat. Thus, the fibremat showed excellent cell compatibility and bone-forming ability. 27) 
Conclusion
The effects of silicate and calcium ions on the osteogenic cells were focused in the present work to achieve the development of biomaterials having higher bone-forming ability. The SiV and PLLA composite materials gradually released the ions in the physiological condition. The proliferation and differentiation of the osteoblast-like cells were enhanced on the composite films. The electrospun fibremats of the composites were also developed and found to have the excellent cell and tissue compatibilities by in vitro and vivo tests. The detailed process of the enhancement of the cell functions by the two ions is still unclear but we believe the inorganic ions released from bioceramics should be one of the important factors for achieving high-performance biomaterials for bone regeneration. 
